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Proton conductivity of columnar ceria thin-films grown
by chemical vapor deposition
Tae-Sik Oh,wa David A. Boyd,b David G. Goodwinb and Sossina M. Haile*ac
Columnar thin films of undoped ceria were grown by metal–organic chemical vapor deposition. The films,
deposited on Pt-coated MgO(100) substrates, display a columnar microstructure with nanometer scale grain
size and B30% overall porosity. Through-plane (thickness mode) electrical conductivity was measured by
AC impedance spectroscopy. Proton conduction is observed below 350–400 1C, with a magnitude that
depends on gas-phase water vapor pressure. The overall behavior suggests proton transport that occurs
along exposed grain surfaces and parallel grain boundaries. No impedance due to grain boundaries normal
to the direction of transport is observed. The proton conductivity in the temperature range of 200–400 1C is
approximately four times greater than that of nanograined bulk ceria, consistent with enhanced transport
along aligned grain surfaces in the CVD films.
Introduction
Acceptor doped ceria is a well known oxygen ion conductor
that can function as an electrolyte in a solid oxide fuel cell in
the intermediate temperature range.1 In recent years it has
been observed that, upon nanostructuring, ceria can display
significant proton conductivity at much lower temperatures
than that required to activate oxide ion motion. The connection
between grain size and magnitude of the proton conductivity in
the nanostructured materials displaying this unusual pheno-
menon, as well as the observation that proton uptake and
transport in bulk, microcrystalline ceria are negligible,2–4 has
led to the general consensus that the proton conduction occurs
through a grain boundary (or surface) mediated process.5,6 This
insight suggests that a material with an aligned microstructure,
with grain boundaries and/or open pore channels parallel to
the path of proton transport, may lead to proton conductivities
that are even larger than those reported to date. Accordingly,
we have prepared in this work thin-film ceria with columnar
grains and characterized the conductivity along the film growth
direction. In addition to the creation of structures with
enhanced conductivity, the investigation sheds some new light
on the proton transport mechanism.
Experimental procedures
Undoped ceria films were grown by chemical vapor deposition
(CVD) using an in-house constructed, cold-walled vertical reactor.7
Dopants were not utilized in order to avoid possible composition
gradients in the as-grown films. To facilitate through-plane (or
thickness mode) conductivity measurements, deposition was
carried out on MgO(100) substrates (MTI crystals) first coated
with Pt (B200 nm) by DC sputter deposition (AJA International
ATC Orion system, Ar 3 mTorr, 10 sccm, ambient temperature).
The cerium precursor for CVD film growth was the commer-
cially available compound Ce(tmhd)4 (Strem CAS#: 18960-54-8,
99.9% cation purity). The as-received solid precursor was used
without further purification and delivered to the reaction chamber
following a procedure described elsewhere.8 The deposition
conditions are provided in detail in Table 1. Top Pt electrodes
were applied to the ceria films by DC sputtering (as above). It
was observed that aminimumPt thickness of 50 nmwas required to
prevent film dewetting and enable reliablemeasurements. A shadow
mask was used to limit electrode deposition to circular regions with
a nominal diameter of 1.5 to 3 mm. Doing so prevented short
Table 1 Film growth conditions for chemical vapor deposition of undoped ceria
Parameter Value
Growth temperature (1C) 500
Growth pressure (Torr) 3
Growth time (min) 240–270
Gas flow (sccm) Argon : 100, O2 : 50
Ce precursor evaporation temperature (1C) 190
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circuits from forming at the film edges, and also enabled,
by application of multiple isolated top electrodes, multiple
conductivity measurements from a single film. A schematic of
the measurement configuration is presented in Fig. 1.
Scanning electron microscopy (SEM) and X-ray diﬀraction
(XRD) measurements were performed on the as-deposited films
using a Carl Zeiss LEO 1550VP and a Panalytical X’pert pro
MRD system (45 kV, 40 mA), respectively. The grain size was
estimated from the XRD peak breadth using the Scherrer
equation9 after accounting for instrumental peak broadening
using a YSZ single crystal and data collected under identical
conditions. The microstructural features and phase behavior
were reproducibly observed in many diﬀerent films and only
representative results are reported.
Film conductivity was measured by AC impedance spectro-
scopy. Samples of the configuration shown in Fig. 1 were placed
in a vertical tube furnace equipped with a gas control. The
gaseous environment was either (i) high-purity oxygen passed
through molecular sieves to remove residual water, or (ii) the
same oxygen gas humidified to a specified level. In the latter
case, the pH2O was set by saturating the incoming oxygen gas
with water held at a specified temperature. This humidified
stream was then either mixed with dry oxygen gas to reach an
even lower water level or used directly without dilution. The
quoted water partial pressures correspond to the expected values
without further experimental confirmation. Measurements were
carried out by first heating the samples to the highest tempera-
ture examined (500 1C) under the gaseous environment of
interest. A 5 h dwell at this temperature allowed for stabilization
of the electrical contacts and equilibration of the ceria film with
the gas phase. Measurements were performed at several diﬀerent
temperatures upon step-wise cooling from this equilibration
condition. The ramp rate was r2 degrees per minute to
minimize possible thermal shock, and the dwell time under
each measurement condition was Z30 min. Measurements
were limited to a maximum temperature of 500 1C, equal to
the film growth temperature, to preclude the possibility of
evolution of the film microstructure over the course of the
data collection. The stability of the Pt film top-electrodes was
confirmed by post-measurement SEM imaging. Impedance
data were collected using a Solartron 1260 frequency response
analyzer over the frequency range from 1 MHz to 0.1 Hz
(24 points per decade) and a voltage perturbation amplitude
of 20 mV with zero DC bias. Data analysis was performed using
the ZView2 commercial software package (Version 2.9b, Scribner
Associates, Inc.).
Despite the loss of the majority of the samples due to Pt
interconnectivity through the ceria films (i.e. short circuiting)
several structures with appropriate electrical connectivity and
robustness were prepared, and thus the measurements were
successfully performed several (>10) times for diﬀerent films
and/or electrodes. The essential results are captured in the
behavior of two representative samples, the data from which
are presented below. The physical characteristics of these films
and experimental conditions under which they were examined
are summarized in Table 2.
Results
Microstructure
The SEM images, Fig. 2, reveal that the desired columnar
microstructure has been obtained, with good adhesion of the
ceria film to the 200 nm thick Pt bottom electrode. The diameter
of the columns is not clearly defined, but can be roughly
specified as B100 nm, based on the high contrast image
presented in Fig. 2c. Individual grains comprising the columns
appear to be even smaller, with an in-plane grain size of
perhaps 30 nm or less. The X-ray diﬀraction results, Fig. 3,
collected both before and after electrical characterization at
500 1C, indicate that the films undergo negligible microstruc-
tural evolution over the course of the measurements. The data
further reveal that the film has a strong (100) preferred orienta-
tion. The ratio of the integrated intensities of the (200) and
Fig. 1 Through-plane (or thickness-mode) conductivity measurement configuration: (a) schematic diagram (dimensions not to scale), and (b) optical image of the
sample loaded into the test fixture. Ceria films were deposited on platinum coated MgO(100) substrates. Silver paste provided contact to the 200 nm thick Pt bottom
electrode. Spring-loaded Pt wires provided contact to the 50–250 nm thick top Pt electrode.
Table 2 Physical characteristics of films used for electrochemical measurements
Film Top electrode Thickness (mm) Measurements
1 Sputtered Pt (250 nm thick) 3.6 pH2O isobars (dry, 1.27 mbar, 8.73 mbar)
2 Sputtered Pt (50 nm thick) 5.9 Isotherms (250 1C, 300 1C, 350 1C)
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(111) peaks,
Ið200Þ
Ið111Þ, is about 32 in the film, which is many times
greater than the expected value for polycrystalline ceria with
random crystallite orientation, B0.3. The out-of-the-plane
grain size, based on the breadth of the (200) peak, is calculated
to be 33 nm.
Electrical characterization
Selected Nyquist plots (Zreal vs. Zimag as parametric functions of
frequency) are presented in Fig. 4 for a film exposed to three
diﬀerent gas atmospheres at a fixed temperature of 200 1C.
The spectra are qualitatively similar. All three display one
high-frequency arc that extends to the origin and a second
low-frequency response that, at the lowest frequencies (not
shown), turns towards the real axis. The latter feature, which
was found to vary in response to variations in the total gas
flow rate, is attributed to the electrode behavior and is not
considered further. With respect to the high-frequency
response, in a polycrystalline ionic conductor the impedance
spectra typically display, in contrast to the present results,
distinct bulk and grain boundary arcs.10 On the other hand,
it is not uncommon in the case of nanocrystalline ceria to
observe a single, non-electrode response,11–14 as appears to be
the case here. Grain boundary resistance in impurity-free ceria
is due to the ion-blocking eﬀect of space charge zones at the
grain interfaces. Because the width of the space charge zone is
inversely proportional to dopant concentration, the zone can
extend in nominally undoped ceria over a distance of tens of
nanometers.10 If the material is additionally nanostructured,
the space charge zone can encompass the entire grain such that
there is no distinction between bulk and grain boundary
regions. Thus, the absence of a distinct grain boundary
response in the present measurements is not inconsistent with
the presence of grain boundaries normal to the direction of
charge transport. The raw impedance data furthermore show
that the overall resistance associated with this single response
decreases dramatically with increasing water partial pressure.
The general shapes of the spectra suggest, at first glance,
that the high frequency data are amenable to equivalent circuit
modeling in terms of a single RQ subcircuit, where R is a resistor
and Q is a constant phase element.15 Closer examination, however,
reveals a change in the shape of the high frequency arc in response
Fig. 2 Representative scanning electron microscopy (SEM) images of chemical vapor deposition (CVD) grown ceria on MgO(100). (a) Cross-sectional image (51 tilted)
showing the columnar structure of the CVD ceria film. Bright boundary between the ceria film and the MgO substrate is the 200 nm thick Pt bottom electrode. (b) Plan-
view image again revealing columnar features. (c) Higher magnification image of (b) in a high contrast mode revealing internal grain structure of the columns.
Fig. 3 Typical X-ray powder diﬀraction patterns from the ceria film (4.3 mm thick
in this case) grown on Pt coated MgO(100). Grain size (dg) is calculated from
FWHM of the 200 peak using the Scherrer formula after accounting for instru-
ment broadening. There was no change in the X-ray pattern after exposure to the
thermal conditions of electrical measurements.
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to changes in the gas atmosphere, suggesting the inadequacy of
a simple RQ subcircuit to extract frequency independent prop-
erties. This behavior is underscored in Fig. 5 in which the three
spectra of Fig. 4 are superimposed after normalization with
respect to magnitude of the imaginary component of the
impedance at the characteristic frequency (i.e. at the top of the
arc). With increasing water partial pressure there is evidence of
the emergence of an intermediate frequency feature that cannot
be readily captured by simple equivalent circuit modeling.
Thus, in order to avoid artifacts due to fitting according to an
inappropriate equivalent circuit, the overall material resistance,
RM, was defined as the value of the real impedance at the
minimum in the imaginary impedance (as shown for example
in Fig. 4b). The equivalent ‘overall capacitance’ is defined
for completeness as CM = 1/RMo0, where o0 is the angular
frequency at which the imaginary component of the impedance
attains a maximum. The conductivity and relative dielectric
constant are obtained by the usual transformation using film
thickness and electrode area.
The capacitive and transport characteristics of the film are
summarized in Fig. 6, with the relative dielectric constant
presented in Fig. 6a and the conductivity in Fig. 6b. Whereas
the dielectric constant is almost constant over the T and pH2O
range of the measurements, the conductivity varies by orders of
magnitude. Furthermore, the relative dielectric constant, er, is
similar to the bulk value as reported for dense, nearly single-
crystalline ceria.16 The slightly lower value measured here is
attributed to the porosity of the films, Fig. 2. If the diﬀerence is
Fig. 4 Impedance spectra collected at a fixed temperature with diﬀerent water vapor pressures (film 1). (a) Dry oxygen. (b) Two diﬀerent water levels (1.27 mbar and
8.73 mbar). The eﬀective DC resistivity, defined as RM, is simply taken as the Z0 accompanying the minimum Z00 , as shown by the horizontal bars in (b).
Fig. 5 Normalized representation of impedance spectra of Fig. 4 accentuating
changes in the shape of the impedance arcs in response to changes in the
atmosphere. Normalization is with respect to the maximum value of the
imaginary component of impedance within the bulk response regime.
Fig. 6 Eﬀective DC properties of film 1: (a) dielectric constant and (b) conductivity. The fully dense ceria dielectric constant is from the literature as measured under
dry oxygen. Two regions are evident in the conductivity behavior. Region I: oxygen ion conduction is prevalent. Region II: proton conduction is prevalent. For
comparison, proton conductivity reported for nanograined undoped ceria (pH2O = 20 mbar) is shown.
6
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attributed solely to such eﬀects, the measured er values imply a
reasonable porosity of approximately 30% in the CVD grown
film. Porous ceria films grown by pulsed laser deposition and
with similar microstructural features17 have been found to display
comparable levels of porosity. Rather significantly, the results in
Fig. 6 show that the dielectric constant (being largely independent
of the measurement conditions) is not correlated with the
observed changes in the shape of the impedance spectra.
Turning to the results of Fig. 6b, the overall dependence of
the conductivity on temperature, first decreasing then increasing
with increasing temperature, with an inflection point atB400 1C,
and on pH2O, is consistent with the identification of protons as
the dominant mobile species at low temperature, and is in good
agreement with typical behavior reported in the literature.6
Remarkably, the non-monotonic dependence of conductivity
on temperature holds true even under nominally dry oxygen, at
which proton sorption onto or incorporation into the oxide
must be extremely limited. At higher temperatures oxygen ion
conduction presumably dominates the transport process, as
indicated by the observation of increasing conductivity with
increasing temperature and a decreasing impact of water
partial pressure. Moreover, with decreasing pH2O the inflection
point in the conductivity as a function of temperature shifts to
lower temperature, indicating that the temperature regime for
oxygen ion conduction expands with decreasing chemical
potential of water.
Ignoring for the moment the subtle change in the shape of
the impedance response, the material can be roughly represented
by an equivalent circuit comprised simply of a capacitor and a
resistor in parallel. Given what is known about nanocrystalline
ceria, we interpret the resistive element to correspond to proton
migration along the surface of the parallel grain boundaries
and/or open surfaces, and the dielectric element to the bulk.
The insensitivity of the dielectric response to changes in T and
pH2O, despite dramatic changes in the magnitude of the resistance
and changes in the shape of the impedance response, is consistent
with this interpretation.
The change in arc shape is reflected in the ratio of the arc
diameter, RM, to its height, Z00top (the value of the imaginary
component impedance at the peak of the arc). This quantity
attains a value of 2 for a perfect RC circuit and has magnitude
greater than that when the arc is depressed due, for example, to
the presence of a distribution of time constants18 and/or is
composed of multiple overlapping arcs. A plot of this ratio as a
function of T and pH2O, Fig. 7, shows that the deviation from
2 is greatest at intermediate temperatures with a peak value
(approaching 3) that occurs at a temperature that shifts upwards
with increasing water vapor pressure. These conditions roughly
correspond to the conditions under which proton conductivity
adopts an intermediate value—not the very high conductivity of
low temperatures, but not the small proton conductivity at high
temperatures at which oxide ion conduction begins to dominate
the transport. Accordingly, we attribute the change in impedance
features to the existence of a distribution of time constants
under conditions of intermediate proton surface concentration.
Such conditions can plausibly lead to a distribution of proton
environments as a result of the co-existence of highly and
poorly hydrated regions.
A summary of the water partial pressure dependence of
resistivity, as measured from both films 1 and 2, is presented
in Fig. 8. The two samples display comparable resistivities for a
given set of conditions, with slightly higher conductivity in
film 1. The capacitance responses of the two films are also
comparable (not shown). Film 2 has a slightly reduced volumetric
capacitance, by B5%, behavior attributed to slightly higher
porosity. Diﬀerences in column surface morphology may explain
the slight diﬀerences in resistivity. Under the conditions of these
measurements the overall conductivity is large, and the ratio
RM=Z00top for film 2 ranged from 2.38 to 2.47 (comparable to
the smallest values reported in Fig. 7), indicating a relatively ideal,
single arc in the impedance response. The generally unchanging
and almost ideal value of RM=Z00top legitimizes a comparison of
the resistivity as a function of purely environmental conditions
and enabled impedance analysis by conventional equivalent
circuit fitting. Specifically, the material behavior was represented
Fig. 7 The quantity RM=Z00top , shown here as a function of T and pH2O for film
1, provides a measure of the non-ideality of the impedance arc and reflects the
breadth of the distribution of relaxation times. A value of 2 indicates an ideal,
semi-circular impedance arc whereas larger values indicate an oblate shape. For
all conditions at T Z 300 1C, the arc remains relatively ideal. For T o 300 1C, arc
shape changes depending on the surrounding gas-phase water vapor pressure.
Fig. 8 Resistivity isotherms presented in double-logarithmic form. Open sym-
bols: film 1. Closed symbols: film 2. For film 2, the fitted lines for isothermal data
display slopes of 0.758 0.006, 0.750  0.002, and 0.81  0.01 at 250, 300,
and 350 1C, respectively.
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by a parallel RQ subcircuit comprising a resistor of impedance
ZR = R and a constant phase element of impedance ZQ =
[Y(jo)n]1, where o is the angular frequency, j = sqrt(1),
Y and n are constants, and n ranges between 0 and 1. Signifi-
cantly, the conductivity measured for film 2 at 18 mbar pH2O,
the highest water partial pressure value examined, exceeds that
of random nanocrystalline ceria measured at 20 mbar pH2O by
a factor of 4 at 300 1C.6 The result suggests that the aligned
pore structure has provided measurable enhancement to the
protonic conductivity.
The double logarithmic presentation of resistivity in Fig. 8
not only captures the decrease in r with increasing pH2O
already noted, but also shows the dependence to be exponen-
tial. The power law exponent was evaluated for film 2, examined
at a relatively large number of water partial pressure values,
and was found to be to 0.758  0.006, 0.750  0.002,
and 0.81  0.01 at 250, 300 and 350 1C, respectively, in all
cases rather close to 34. In an oxide in which proton uptake
occurs in the bulk and oxygen vacancies are the predominant
positive defects, the dependence of proton concentration on
water vapor pressure can be predicted from the generic proton
incorporation reaction:
H2OðgÞ þ VO þOxO ¼ 2OHO (1)
where the Kroger–Vink notation is utilized.19 Over a small
change in proton concentration (the variation in conductivity
recorded here is only about 10%) and under the approximation
of ideal solution behavior, eqn (1) implies that the proton
resistivity (inversely proportional to concentration) should
display a power law factor of 12, as opposed to the 34 observed
here. It is noteworthy that a 12 dependence has, in fact, been
previously reported for proton conducting Gd-doped ceria at
200 1C (grain size B108 nm).20 There are many factors that
could explain a deviation from a power law factor of 12 in
undoped ceria even for bulk proton uptake, first amongst these
being the low intrinsic oxygen vacancy concentration such
that the eﬀects of site saturation cannot be neglected. Never-
theless, the preponderance of the evidence suggests that the
observed behavior reflects the characteristics of the surface
absorption isotherm for H2O molecules on nanocolumnar
ceria. Further experimentation, beyond the scope of the current
work, is required to understand the origin of the 34 power
law exponent.
Summary and conclusion
Through-plane AC impedance measurements were performed
on MOCVD grown columnar ceria films. Proton conductivity
was detected at temperatures below 350 1C regardless of gas
phase water vapor pressure, as indicated by an increase in
conductivity with decreasing temperature and increasing water
vapor pressure. The capacitance, in all cases, is consistent in
magnitude with the bulk dielectric response. Accordingly, the
material is interpreted to display proton conductivity along the
surfaces of the columnar grains, in parallel to bulk capacitance.
Under conditions corresponding to intermediate proton conductivity
(T = 100 to 250 1C) the impedance response changed from a
somewhat ideal arc in the Nyquist representation to the one
with detectable distortion. It is proposed that under such
conditions proton surface uptake adopts an intermediate value
relative to the available sites and hence a distribution of proton
environments exists, leading to a distribution of relaxation
times. In the most extreme cases (not shown), two distinct arcs
emerged, suggesting two classes of relaxation processes. In
the region of proton conductivity (high pH2O), a power law
dependence of conductivity on water vapor pressure was
observed, with a power law exponent of 34. The origin of this
behavior is unknown, but given the expectation of a power law
exponent of 12 for bulk proton uptake, the result is taken to
support the conclusion of surface proton conductivity. Grain
boundary impedance at the interfaces between the grains
forming the columns was not observed under any situation. It
can be concluded that such interfacial resistance is either
overwhelmed by the parallel proton transport or that over-
lapping space charge zones originating at the grain boundary
interfaces imply no distinction between grain interior and grain
boundary regions. It is not uncommon to observe a single-arc
impedance response from nanostructured, undoped ceria, as
reported here, and the result is most often attributed to the latter
eﬀect. Overall, the aligned pore structure of the ceria columnar
films resulted in a factor of 4 higher proton conductivity than
that of nanograined ceria sintered pellets6 examined under
identical conditions.
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